Soil gravel content affects many soil physical properties, i.e. bulk density, porosity, water infiltration and storage, as well as crop yield. Little is known regarding the influence of soil gravel content on grain yield of durum wheat (Triticum durum Desf.). In this paper the accumulation of dry matter during the vegetative and reproductive periods and the contribution of pre-anthesis assimilates to grain yield have been evaluated in two durum wheat varieties grown on soils with 0, 10, 20, and 30% gravel content. The two varieties showed similar behaviour and more soil gravel decreased plant biomass both at anthesis and at maturity. Soil gravel content greatly reduced grain yield and dry weight of all plant parts both at anthesis and maturity. Post-anthesis dry matter accumulation was 16% lower in plants grown on 30% gravel soil and dry matter remobilization was 53% lower, compared to plants grown in gravel-free soil. The differences in growth rate were attributed to the restriction of the volume of soil available for root growth.
INTRODUCTION
Soils containing rock fragments are widespread, particularly in the Mediterranean area where they often occupy more than 60% of the land surface (Poesen, 1990) . Soils rich in rock fragments are found on erosional as well as on depositional landforms, but high rock fragment contents in top soils can also be attributed to intensive cultivation, owing to tillage erosion and water erosion (poesen and Lavee, 1994) .
Plough layers containing rock fragments have a higher macro-porosity, saturated hydraulic conductivity and daily maximum temperature than stone-free soils (Ravina and Magier, 1984; Poesen and Ingelmo-Sanchez, 1992; Danalatos et aI., 1995) . Stony soils have also a lower fine earth bulk density compared to stone-free soils, which can lead to deeper penetration of rain (Ravina and Magier, 1984; van Wesemael et aI., 1996) .
Little research has addressed the effects of rock fragment content of soil on plant growth and crop productivity. In the semiarid climatic zone, where water availability is the dominant factor affecting biomass production of wheat, rock fragments exert a negative effect on wheat productivity in normal or wet years, but in dry years they promote deep percolation of water in soil and save appreciable amounts of water from evaporation by surface mulching, thereby increasing crop yields (Kosmas et aI., 1993 and . Experiments with deep lysimeters in the Western Desert (USA) showed that recharge of groundwater was more pronounced in soils containing a higher content of rock fragments (Gee et aI., 1994) .
DRY MATIER VS. SOIL
In winter cereals, the supply of assimilate to grain originates from current assimilation transferred directly to kernels and from the remobilization of assimilates stored temporarily in vegetative plant parts before anthesis (Gebbing et aI., 1999) . After anthesis, plants continue growth, and significant quantities of biomass can be produced during grain fiIling (Austin et aI., 1977; Cox et aI., 1985) . Reserves deposited in vegetative plant parts before anthesis may buffer grain yield against conditions adverse to crop growth during the grain filling period. Van Herwaarden et al. (1998) showed that under dry field conditions, the apparent contribution of stored assimilates could be 75-100% of grain yield, as compared with 37-39 % under high rainfall conditions. Austin et al. (1977) and Bidinger et al. (1977) estimated that stem carbohydrate reserves contributed for about 10-12% to the final grain yield in wheat under optimal conditions, and more than 40% under drought or heat stress.
The objectives of this research were to study the effect of soil gravel content on the accumulation of dry matter during the vegetative and reproductive periods and the contribution of pre-anthesis assimilates to the grain yield of a modem and an old durum wheat variety, differing for growth patterns.
MATERIALS AND METHODS
Forty-eight open-air lysimeters of 100-L volume (0.25-m 2 area and O.4-m height) were established for two years at the Department of Agronomy and Agroecosystem Management of the University of Pisa, Italy (43°40' N, 10°19' E and 1 m above sea level). Lysimeters were spaced 10 cm and were embedded in expanded clay to smooth daily fluctuations in soil temperature. Each lysimeter was attached to a 5-cm rigid PVC drain that ended at a central collection facility. The climate is cold, humid Mediterranean with mean annual maximum and minimum daily air temperatures of 20.2 and 9.5°C respectively, and precipitation of 971 mm, with 663 mm received from November through June.
Treatments were durum wheat varieties Cirillo and Creso, widely grown in Central Italy, and four soil gravel contents (0, 10, 20 and 30% soil volume) . Cirillo is a new high-yielding variety, and Creso is an old, medium-yielding but stable variety. To determine remobilization during grain filling we harvested plants at anthesis and maturity. For each harvest stage the experiment was arranged in a randomized block design with three replications. Following the USDA soil texture description, including adjectives representing shape and kind of fragments >2 mm, the soils used in this experiment can be classified as non gravelly (0 and 10% gravel concentrations) and gravelly (20 and 30% gravel content). All are classified as cultivable soils. Gravel treatments were obtained utilizing a soil collected from a field site with 13.3% of gravel (0)2 rom) and 86.7% of fine earth (0<2 mm) by volume. Rock fragments were separated from the soil by sieving and then mixed with the fine earth at the indicated treatment proportion. The fraction of gravel with diameter higher than 2 cm was not used. Lysimeters were filled with soil tamped to about original soil bulk density. Soil chemical and physical properties were 27.4% sand (2 mm > 0 > 0.05 mm), 37.3% silt (0.05 mm > 0 > 0.002 mm), 35.3% clay (0<0.002 rom), 7.5 pH, 2.3% organic matter (Walkley and Black method), 1.2 g kg" total N (Kjeldahl method), 15.3 mg kg" available P (Olsen method), 11.6 mg kg" available K (Dirks-Sheffer method). Field capacity and permanent wilting point were also determined at 33 and 1500 kPa soil water tension using the pressure chamber method and were 27.4 and 16.3%.
The durum wheat varieties were sown manually on 14 November 2001 and 20 November 2002 at a rate of 400 seeds m'2 in rows spaced 15-cm apart. Fertilization consisted of 60 kg ha" N as urea, 100 kg ha" PzO s as triple super phosphate and 100 kg ha" KzO as potassium sulphate applied preplanting, and additional 120 kg ha" N as urea at the end of tillering (1 March 2002 and 3 March 2003) . Crops were irrigated when necessary to avoid water stress. As a whole, irrigation was not applied before anthesis in both years and between anthesis and maturity irrigation was applied once in [2001] [2002] All plants in each lysimeter were cut at ground level and were separated into leaves, culms and spikes at anthesis and into leaves, culms, chaff and grain at maturity. Harvest index (HI), number of spikes per unit area, mean kernel dry wt. and number of kernels per spike were also measured at maturity. Roots were separated from the soil by washing with water until the roots were totally clean. For dry weight determination all plant parts were oven dried at 70°C to constant weight.
The following parameters were calculated: 1. post-anthesis dry matter accumulation as the difference between dry matter of the whole plant at anthesis and at physiological maturity;
2. dry matter remobi[jzation (DMR) =dry matter of the whole plant at anthesis -dry matter of roots, leaves, culms and chaff at maturity;
3. dry matter remobilization efficiency =(DMR / dry matter of the whole plant at anthesis) x 100;
4. contribution of dry matter remobilized assimilates to grain =(DMR / dry matter of grains at maturity) x 100.
For the estimate of DMR it was assumed that all of the dry matter lost from vegetative plant parts were remobilized to the developing grain, since losses of dry matter due to plant respiration during grain filling were not determined.
Data were statistically treated by ANOYA, in order to test the main effects of year, soil gravel content and variety and their interactions. Separate statistical analyses were conducted for each harvest. Because the main effect of year and its interactions were not significant, a successive analysis of variance was carried out using years as replications. Duncan's multiple range test was used to separate the means when the ANOYA F-test indicated a significant effect of the treatment (Steel and Torrie, 1980) .
RESULTS
In both years, temperature during the entire cycle and rainfall until anthesis were in line with the l20-year averages. In contrast, as far as rainfall during grain filling is concerned, it was above average in the first season and under average in the second season. Indeed, only 10 years in the last 60 years were wettest than [2001] [2002] and no driest year than 2002-2003 was recorded. Therefore, the difference between years in rainfall pattern were reset by irrigation applied during grain filling to avoid drought stress. For all characters. the variety x soil gravel content interaction was not significant; therefore only variety and soil gravel content mean effects are discussed in the paper.
No significant genotype variation was found in grain yield and mean kernel weight, but, compared to Cirillo, Creso showed a higher number of spikes per unit area (+11 %) and a lower number of kernels per spike (-21 %).
Grain yield, averaged over varieties, decreased progressively with the increase of soil gravel content (Table 1) . Mean kernel weight was unaffected by soil gravel (39 mg) while number of spikes per unit area and number of kernels per spike decreased progressively at increasing gravel content, so differences in grain yield owing to soil gravel content depended on both number of spikes per unit area and number of kernels per spike. Compared to control, grain yield of plants grown on 30% soil gravel content decreased by 34%, number of spikes by 14% and kernel per spike by 21 %. Harvest index was not affected by soil gravel content and did not differ between varieties. On average, HI was 29%.
During grain filling dry matter of leaves, culms and roots decreased, whereas, owing to grain growth, dry matter accumulation of the whole plant was evidenced. The increase of soil gravel content reduced almost linearly dry weight of all plant parts, both at anthesis and at physiological maturity (Table 2) .
Genotype variation was observed only for dry weight of leaves, with cv. Creso showing 15% higher value than Cirillo at anthesis and 25% at physiological maturity (results not shown). The two varieties were significantly different for current assimilation and remobilization of dry matter during grain filling: dry matter accumulation of cv. Cirillo was 53% higher than cv. Creso and, conversely, DM remobilization and DM remobilization efficiency were 29 and 27% lower ( Table 3) . As a consequence, remobilized reserves during grain filling accounted for 38% of the grain yield for Cirillo and for 57% for Creso (Table 3) .
Compared to plants grown in gravel-free soil, the post-anthesis dry matter accumulation was about 16% higher in plants grown on gravel soil, irrespective of its content (Fig. 1) . The increase of soil gravel content decreased progressively dry matter remobilization of durum wheat. Compared to control, values decreased by 15% at 10% gravel content, by 38% at 20% and by 53% at 30% (Fig. 1) . Dry matter remobilization efficiency was reduced at all gravel levels, but the effect was significant only when soil gravel content was equal or higher than 20% (Fig. 1) . Remobilization of dry matter accounted for over 50% of grain yield in plants grown on gravel-free soil and on soil with 10% gravel content (Fig. 1) . At the two higher gravel contents, the incidence of remobilization on grain yield decreased markedly and with 30% gravel content it accounted for only 36% of grain yield (Fig. 1) . 
DISCUSSION
To understand the physiological basis for grain yield of durum wheat, the relative contribution of recent photosynthate and stored carbohydrates to the developing seed has been evaluated in two wheat varieties grown on soils differing for gravel content. The two varieties, Cirillo (a new variety) and Creso (an old variety), showed a similar behaviour, and differences in soil gravel content induced similar changes in dry matter accumulation and remobilization. However, although no consistent difference in grain yield occurred between Cirillo and Creso, the higher biomass of Creso at anthesis was associated with a higher remobilization and a lower accumulation of dry matter during grain filling. Thus, grain yield of Creso relied largely on remobilization of reserves rather than on photosynthesis and mineral uptake during grain filling. In modem cultivars, the lower partitioning of assimilates to vegetative tissues may have resulted in less vegetative carbohydrate reserves prior to anthesis than in older cultivars (Acuna et aI., 2005) . Therefore, recent cultivars are probably more yield sensitive than older ones to stresses that reduce photosynthesis during the period of spike formation and grain set (Slafer et aI., 1993) . Soil gravel content decreased grain yield of durum wheat and the effect was due to the reduction of both number of spikes per unit area and number of kernels per spike. Already at anthesis the increase of the soil gravel content decreased growth of culms, leaves, spikes and roots, thereby reducing the size of both the source, represented by photosynthetizing biomass and nutrient uptake ability by roots, and the sink, represented by the number of spikes per unit area and the number of kernels per spike, for grain growth.
Post-anthesis dry matter accumulation was not greatly affected by gravel content, while dry matter remobilization was markedly reduced, especially at gravel levels equal or higher than 20%. Thus, 20% gravel content represents a critical limit for the remobilization of assimilates. Thereby, at soil gravel contents equal to 0 and 10%, post-anthesis growth and remobilization were similar, while at soil gravel levels higher than 10% growth exceeded remobilization.
In this research, the reduced growth of wheat plants produced by soil gravel content may be attributed to the restriction of root zone volume that in turn may result either from a decreased absorption of water and nutrients by the limited root system or from a change in the level or of activity of endogenous factors which are influenced by the roots and affects the growth of the plant (Carmi and Heuer, 1981) . Severe mineral deficiency was not likely to occur, since Nand P fertilization rate per unit area was the same at all gravel treatments. Also water deficiency, which may be expected in gravelly soils, in our experiment was not likely to occur, because during the tillering and jointing stages rainfall was high, and even exceeded soil waterholding capacity.
Although critical conditions found in this research cannot be directly referred to field conditions as experiments were carried out in lysimeters, we believe that the treatments applied (i.e. linearly increasing soil gravel content) allow to elucidate the casual relationship between the mechanisms of growth inhibition and soil gravel content. Moreover, grain yield and post anthesis remobilization of assimilates are in line with results fron field experiments in the same area.
In conclusion, we believe that soil gravel affected grain yield and plant growth of durum wheat mainly by the restriction of the volume of soil available for root growth, which caused an increased filling of empty pores by roots. As a consequence, the gaseous exchange between soil and atmosphere, the water flow in soil, and finally the root size and functionality were all reduced. Since the effects on plant size were already evident at anthesis, these unfavorable conditions were set up approximately from the stem elongation stage, when plant growth was consistent. Because the amount of translocated dry matter depends on the relative amount present in the plant at anthesis, soil gravel content also reduced their remobilization during grain filling and, consequently, the dry matter produced at maturity.
